This report compares the flammability of plastic automotive components to that of commodity, engineering, and specialty plastics as well as those used in commercial aircraft cabins with regard to performance in microscale combustion calorimetry tests. Not surprisingly, automotive components used in engine and passenger compartments are as flammable and ignitable as the commodity and engineering plastics of which they are made and much more flammable than those used in the interiors of aircraft.
INTRODUCTION
Automobile fires account for 95% of the 400,000 motor vehicle fires that occur every year in the U.S. and 92% of the 330 fire fatalities. Two thirds of automobile fires originate in and around the engine compartment, with the passenger compartment (17%) and trunk (3%) accounting for most of the remainder. Combustible plastics in the form of electrical wiring, upholstery, and miscellaneous components are the single largest category of materials first ignited in automobile fires (47%) with fuel accounting for 27% of ignitions [1, 2] An average automobile uses approximately 100 kg (200 lbs) of plastic components, which is a fuel load roughly equivalent to a full tank of gasoline (3 x 10 9 J). Due to the fire hazard plastics create in motor vehicles and the speed with which plastics spread flame, smoke, and combustion products into the passenger compartment, it is preferable to attempt to reduce the risk of fire occurring rather than to rely on potential rescue efforts once a fire is started. This was the aim of Federal Motor Vehicle Safety Standard No. 301 (FMVSS 301), Fuel System Integrity and FMVSS 302, Flammability of Interior Materials issued by the National Highway Traffic Safety Administration (NHTSA). Despite the implementation of these standards in 1968 and 1972, respectively, fires continue to be a serious safety threat [1, 2] . Moreover, as automakers continue to replace metal with combustible plastic for lighter and more fuel efficient cars, the nature, incidence, and severity of collision and non-crash auto fires is likely to worsen. The objective of this paper is to benchmark the flammability of automotive plastics against commercial plastics and the type of plastics used in commercial aircraft cabins with regard to performance in microscale combustion calorimetry tests.
FIRE BEHAVIOR OF PLASTICS
The heat release rate (HRR) of a material in flaming combustion is the primary indicator of its hazard in a fire [3] . The HRR is usually expressed in terms of a surface energy balance for steady flaming combustion [4] 
where χ is the completeness of combustion of the fuel gases in the flame, is the heat of complete combustion and L h c,v 0 g = c(T s -T 0 ) + h v is the heat of gasification of the solid in terms of the surface burning temperature T s , the ambient temperature T 0 , , the specific heat of the solid c, and the heat of vaporization of the thermal decomposition products h v . A heat release parameter is defined [4] 
that characterizes the fire response of the polymer to a net heat flux at the surface
Equation 3 defines the net heat flux as the difference between the heat entering the surface from an external fire or heater ′ ′ q ext and/or attached surface flame ′ ′ q flame and the heat losses from the surface by radiant energy transfer and thermal conduction. If only radiant energy losses at the surface are considered at incipient ignition when ′ ′ q net = ′ ′ q flame = 0, a critical external heat flux CHF can be defined [4, 5] (4)
In Equation 4, T s is the surface temperature at ignition/burning, ε is the surface emissivity, and σ is the Boltzmann constant.
Combining Equations 1 and 2 allows HRR to be separated into unforced (HRR 0 ) and forced (HRP ′ ′ q ext ) components of flaming combustion
A physically-based criterion for extinction of diffusion flames correlates a wide range of data and is based on a minimum (critical) heat release rate HRR* ≈ 50 kW/m 2 derived from the limit flame temperature [6, 7] . The critical HRR criterion states that plastics will burn only if
In tests of flame resistance samples are briefly exposed to the flame of a Bunsen (or similar) burner to force ignition. After the sample is removed from the burner flame, ′ ′ q ext = 0, and the sample will continue to burn only if [8, 9] HRR 0 = HRP( ′ ′ q flame − ′ ′ q loss ) ≥ HRR *
If vaporization of polymer thermal decomposition products at the burning surface and subsequent combustion of these gaseous products in the flame are rapid compared to the conversion rate of solid polymer to volatile fuel at the surface, thermal decomposition (fuel generation) will be the rate-limiting step in flaming combustion. Under these conditions the heat release rate in flaming combustion can be expressed
where h g = (1-μ)L g is the heat of gasification per unit mass of plastic, μ is the char yield, ΔT p is the temperature interval over which pyrolysis takes place as the material is heated and
is the heat release capacity [10] . The heat release capacity is the ratio of the specific heat release rate Q (W/g) to the surface heating rate β s (K/s). The heat release capacity is a molecular level flammability parameter that is a good predictor of fire performance and flame resistance and is easily measured in the laboratory using thermal analysis methods [11] . Figure 1 shows calculations for the heating rate experienced by a typical plastic involved in a small-to-medium sized fire. Surface heating rates on the order of β s ≈ 0.1-1 K/s are observed for small fires. According to Equations 7 and 8 there is a heat release capacity η c * corresponding to HRR* below which a plastic sample will not continue to burn after a brief exposure to a small flame. For HRR* = 50 ±10 kW/m 2 and typical parameters and uncertainties the critical heat release capacity should be of the order
EXPERIMENTAL

MATERIALS
Samples of automotive components were obtained from late model production vehicles and tested as received. Table 1 lists the samples tested in this study. Several laboratories received sets of the same samples for performing different types of analyses. Southwest Research Institute (SWRI) received a set of samples for performing larger scale flammability evaluations [12] . This work was funded by NHTSA and MVFRI gave a supplementary contract to collect toxic gas measurements from the cone tests. Underwriters Laboratories (UL) received a subset of 75 samples for arc ignition tests. Of the 75 samples that UL received 18 of them were examined in this study. Three of the 18 samples were multi-component samples and had to be separated for analysis using microscale combustion calorimetry. Methane, oxygen, and nitrogen gases used for calibration and testing were dry, ultra high purity (> 99.98%) grades obtained from Matheson Gas Products. Specific heat release rate Q was measured at a constant heating rate β = 1 K/s in a pyrolysis combustion flow calorimeter (PCFC) shown schematically in Figure 2 . In this study, 1-5 milligram samples of plastic were heated to 900 °C in a stream of nitrogen flowing at 80 cm 3 /min. The pyrolyzate/N 2 stream is mixed with 20 cm 3 /min O 2 and reacts for 10 seconds in the 900 °C combustor. The combustion gas stream exits through a tube containing anhydrous calcium sulfate (Drierite) to remove moisture prior to passing through a mass flow meter and oxygen analyzer. The specific heat release rate Q(t) at time t is calculated using the oxygen consumption principle from the initial sample mass m 0 , the instantaneous change in the mass fraction of oxygen in the dried combustion gas stream [ΔO 2 ], and the scrubbed gas stream density ρ (kg/m 3 ) and flow rate F (m 3 /s),
In Equation 12, C = 13.1 ± 0.6 MJ/kg-O 2 is an empirical constant that relates the amount of heat released by complete combustion of the pyrolysis gases to the mass of oxygen consumed in the process at standard temperature and pressure [13] . The constant C is essentially (±5%) independent of the chemical composition of the combustible material [14] . The heat of combustion of the fuel gases per unit mass of initial sample HR (J/g) is obtained by timeintegration of Q(t) over the entire test. The char fraction μ, is obtained by weighing the sample before and after the test. The heat release capacity η c (J/g-K) is obtained by dividing the maximum value of the specific heat release rate by the heating rate in the test
The heat release rate data was synchronized with the mass loss and sample temperature by subtracting the transit time of the gases from the pyrolyzer to the oxygen analyzer. In this way, the temperature at maximum specific release rate, T p , was measured in each test and used in the calculation of CHF as per Equation 4 assuming T p = T s . Three to five replicates were tested for each sample. Reproducibility of the test for homogeneous samples is about ±5%. Figure 3 shows data for the average HRR of 14 commercial plastics tested at 6-mm thickness and ′ ′ q ext = 50 kW/m 2 according to standard methods [15] versus the heat release capacity of the same plastics measured by PCFC. The proportionality and expected deviation predicted by Equation 10 are shown as black and grey lines, respectively, in Figure 3 . Reasonable agreement is observed between the experimental data and the phenomenological burning model, i.e., Equations 1-10. Table 2 lists η c , total heat released HR, char, and CHF for 21 samples of automotive components obtained from the engine compartment, passenger compartment, and exterior of production, late model automobiles. All three flammability properties vary widely within each automotive application, but significant differences are observed between averages of exterior components and engine/passenger compartment components. Figure 6 shows the peak heat release rate results for the 18 automotive materials from the cone calorimeter [12] plotted against the heat release capacity from the microscale combustion calorimeter. Results shown are for tests run in the cone calorimeter at two different heat fluxes, 35 and 50 kW/m 2 . Several of the samples were of similar composition and had thereby had similar heat release capacities and peak heat release rate temperatures in the microscale combustion calorimeter. The cone calorimeter results showed more variation for those same materials by having up to a factor of two in the difference between the lowest and highest peak heat release rates. Several factors could have influenced this. The test samples were not supplied as flat sheets, but were supplied in the form in which they were used (fabricated parts). Samples that were not large enough to get a cone calorimeter sample were pieced together from the component structures to create a 10 cm square. This introduced more surface area and edge effects which could account for some of the scatter in the data. Additionally some of the materials had flame retardants in them which could also influence the scatter in the flaming versus non-flaming test comparison. Despite the scatter there is a definite trend in the data for increasing heat release rate with increasing heat release capacity. Table 3 compares the average values of η c in Table 2 for different applications of automotive plastics to heat release capacities measured for plastics used in aircraft (AC) cabin interiors and overhead/attic compartments. Also listed for comparison are average values for specialty plastics (fluorinated and high heat resistant), engineering plastics (nylon, PET, PBT, ABS, polycarbonate, PVC, POM, PMMA, etc.) and commodity plastics (PE, PP, polystyrene, HIPS, EVA, SBR). Standard deviations (SD) and number of samples (N) are listed in Columns 3 and 4.
RESULTS
FLAMMABILITY OF GENERIC PLASTICS
The data in Table 3 are presented graphically in Figure 7 in ranked order of flammability. Based on the limited sample set in Table 2 , it is seen that automotive plastics fall (on average) between commodity plastics and engineering plastics with regard to heat release capacity. Based on the correlation in Figures 1 and 3 , automotive plastics used in engine and passenger compartments would be expected to have HRR = 200-800 kW/m 2 in small-to-medium-sized fires such as engine or fuel fires. Because HRR >> HRR* for these plastic components, they would be expected to spread fire rapidly once ignited. The data in Table 1 indicate that 75% (15/20 ) of the automotive components tested for this study have η c ≥ 400 J/g-K. Figure 4 shows that the flame resistance of these components is predicted to be HB, i.e., they should burn in a horizontal orientation after a brief ignition with a small flame (HB or FMVSS 302 rating).
SwRI performed the FMVSS 302 test on the materials examined in this study, all of which passed [12] . In the test 4 x 14 inch x nominal thickness samples are exposed to a 1.5 inch Bunsen burner flame for 15 seconds and the flame spread over a measured length is observed. The maximum flame spread allowed to pass the test is 4 inches per minute. Samples that self extinguish shortly after removal of the flame or before the first mark in the test are given a burning rate of zero. Of the 18 materials they examined, eight of the samples had a burning rate of zero. One sample self extinguished for one test and burned at a slow rate with no drips for a second test. The other nine materials ignited and melted with most of them having flaming droplets that continued to burn on the floor. Although these materials were flammable they were able to pass the criteria for the FMVSS 302 test. Burning rates are understated in the test. Many of the samples melted and dripped which removed fuel and the flame from the sample effecting the flame spread results. The test evaluates the performance of formed parts and is not necessarily a measure of the material performance. The geometry of the part, particularly the thickness, plays a role in the observed flame spread. Samples that are not of similar geometry are compared to each other and are subjected to the same criteria. The most ignition resistant materials in Figure 8 (CHF = 32 ±6 kW/m 2 ) are the aircraft interior materials, which are required to have very low heat release rate (< 65 kW/m 2 ) when subjected to an external heat flux ′ ′ q ext = 35 kW/m 2 . The automotive components, which are only tested for flame resistance ( ′ ′ q ext = 0), have the lowest ignition resistance of all the materials and components surveyed in this study.
Most of the automotive components examined in this study left very little char as indicated in Table 2 . Residue that was left behind was comprised of fillers or a fiber content that does not burn. Large surface area passenger aircraft materials inherently leave a carbonaceous char behind due to the aromatic and highly crosslinked structure of the polymers used. Higher char is beneficial for retaining the shape of the component, providing a potential barrier for flame spread. Also higher char means less fuel that can be evolved from a sample. Therefore materials with a higher char content had lower heat release and heat release capacities than the materials that left almost no char.
CONCLUSION
Automotive components tested in this study and used in engine and passenger compartments are several times more flammable than commercial aircraft cabin materials. However, automotive components are as ignition resistant and flammable as the commodity and engineering plastics of which they are made.
